WS designed the experiments, performed most of the experiments, analyzed the data 27 and wrote the article. IC assisted in designing the experiments, provided technical assistance 28 in plant phenotyping, wrote the article and complemented the writing. PK performed the 29 auxin accumulation assays. MQ performed (anti-) 
INTRODUCTION

5
developmental stages. Convincing evidence was found that MDCA affects the homeostasis 116 of the plant signaling compound auxin. Our results provide an alternative explanation for the 117 molecular mechanism underlying the phytotoxic properties of MDCA and suggest that these 118 multiple modes of action make it an attractive candidate as an environmental agrochemical 119 or synergist. 120 9 self-renew at a low proliferation rate (Dolan et al., 1993) . To reveal the effect of MDCA on 163 QC cell proliferation, a reporter line was used in which GUS was driven by the promoter of 164 the transcription factor ERF115, which is a rate-limiting factor for QC cell division (Heyman et 165 al., 2013) . In mock-treated Arabidopsis seedlings (3 DAG), ERF115 promoter activity was 166 observed in one or several of the QC cells in 32.6% of the root tips (60/184; Fig. 1F ). An 167 additional 34 root tips (18.5%) had GUS activity outside the QC-region. The addition of 10 168 µM MDCA to the growth medium led to an increase in the number of seedlings with ectopic 169 pERF115-driven GUS expression (52/128; 40.6%; Fig. 1F ). Interestingly, pERF115: positive QC cells were only observed in two of the 128 MDCA-treated seedlings, suggesting 171 that MDCA has a negative impact on QC cell division activity. Together, this suggests that 172 the MDCA-mediated lateral expansion of QC-identity in the stem cell niche is due to changes 173 in cell identity of QC-neighboring cells rather than activation of QC division. 174
In contrast to its inhibitory effect on primary root growth and leaf development, MDCA 175 stimulated lateral root formation and adventitious rooting in a dose-dependent manner . A 1.36-fold and 2.67-fold increase in lateral root density (LRD) was observed in twelve 177 day-old plants treated with 2.5 µM and 5 µM MDCA, respectively. To evaluate the potential 178 effect of MDCA on the spatial activation of the cell cycle in the pericycle and thereby on the 179 spacing between lateral roots, the cell cycle reporter line pCYCB1:GUS was used (Colon-180 Carmona et al., 1999) . In mock-treated plants, GUS-expression was restricted to the cells 181 actively dividing at the lateral root initiation sites. MDCA treatment (0 to 10 µM) resulted in a 182 dose-dependent increase in the number of pericycle cells expressing GUS, which is in line 183 with the observed increase in LRD along the primary root (Fig. 2C) . The observed 184 perturbation in longitudinal spacing of lateral root primordia lead in some extreme cases to 185 the outgrowth of fasciated lateral roots. 186
In conclusion, the data suggested that MDCA reduces primary root growth of 187 Arabidopsis seedlings by affecting the stem cell niche and the meristem at the main root 188 apex, while stimulating lateral root formation by increasing cell division activity along the 189
pericycle. 190 191
Phenolic profiling supports inhibition of the core phenylpropanoid pathway 192
by MDCA 193 Previous in vitro assays based on heterologous systems provided evidence that MDCA acts 194 as a competitive inhibitor of 4CL (Knobloch and Hahlbrock, 1977; Chakraborty et al., 2009) 195 (Fig. 3A) . As this enzyme catalyzes a key step of the general phenylpropanoid pathway, we 196 used phenolic profiling to evaluate how the carbon flux over this pathway is redirected in 1 2 247 were increased in abundance, whereas 136 were reduced upon MDCA treatment. The 208 remarkably high number of differentials might reflect the developmental shift caused by 209 MDCA, adding differentials to the compound lists that are only indirectly related to the 210
treatment. 211
Of the ten highest accumulating compounds in MDCA-treated plants (Supplemental Fig. S2 ) 212 five were conjugates of MDCA, indicating that MDCA is heavily processed by the plant. Four 213 other compounds of the top-list were conjugates of cinnamic acid (CA), indicative for the 214 accumulation of CA in MDCA-treated plants. CA is the substrate of C4H, the enzyme 215 preceding 4CL in the phenylpropanoid pathway, and the accumulation of CA conjugates is 216 indicative for an inhibition of C4H in MDCA-treated plants. However, MDCA was unable to 217 inhibit Arabidopsis C4H activity in a heterologous expression system (Fig. 3C ) making it 218
unlikely that the accumulation of CA conjugates is due to inhibition of C4H by MDCA. Here, 219 the metabolomics data provided insight into the underlying molecular mechanism. Among the 220 compounds that had accumulated in MDCA-treated plants were several conjugates of 221 piperonylic acid (PA), a compound structurally related to MDCA (Fig. 3; Supplemental Fig. 222 S3) . Based on the fact that PA or PA-derived conjugates were never found in Arabidopsis, 223 and on the previous observation that MDCA is heavily processed in the plant (Supplemental 224 Fig. S2 ), we concluded that the presence of PA-derived compounds is the consequence of 225 the in planta processing of MDCA. Interestingly, PA is known as a competitive inhibitor of 226 C4H (Schalk et al., 1998;  Fig. 3C ), explaining the observed accumulation of CA conjugates. The MDCA-induced reduction of glycosylated oligolignols is considered indicative for 240 a drop in lignin deposition (Vanholme et al., 2012) . To provide supporting evidence for this 241 assumption we evaluated the effect of MDCA on the formation of the Casparian strip in the 242 main root . For this assay Arabidopsis roots are incubated in propidium 243 iodide (PI), a dye that diffuses in the apoplast of root tissue. At the endodermis this diffusion 244 1 3 is blocked by the lignin-rich Casparian strip, leaving the cell walls of the stele unstained. Only 245 when the Casparian strip is impaired will PI pass the endodermis and stain the underlying 246 cell layers. The number of endodermal cells from the elongation zone to the region where PI 247 is excluded from the stele is used as a measure for Casparian strip integrity and, hence, lignification. In seven day-old Arabidopsis seedlings treated with 2.5 and 10 µM MDCA, the 249 cell count was significantly higher compared to that of the control, indicating a delay in 250
Casparian strip development and an inhibition in lignin deposition ( Fig. 4A; Supplemental Fig.  251 S5). Similar results were found with inhibitors targeting other steps of the lignin biosynthetic 252 pathway . The formation of the Casparian strip was rescued by 253 supplying MDCA-treated plants with a mixture of coniferyl and sinapyl alcohol (both end 254 products of the monolignol biosynthetic pathway, and building blocks of lignin) confirming 255 that MDCA affects the biosynthesis of lignin ( Fig. 4A; Supplemental Fig. S5) . 256
Having convincing evidence that lignin deposition is indeed affected in MDCA-treated 257 seedlings, we wondered whether the reduced lignin deposition could be at the basis of the 258 observed developmental abnormalities. The underlying idea is that lignin is considered a 259 signature for cell differentiation (Barros et al., 2015) and deferring lignin deposition could 260 extend or perturb the developmental program, resulting in growth defects (Bonawitz and 261 Chapple, 2013) . If this were the case, restoring lignin deposition by the addition of 262 monolignols should also rescue the MDCA-induced developmental root phenotype. To 263 examine whether the MDCA-related plant phenotype is a consequence of lignin depletion, 264
we grew Arabidopsis on medium containing coniferyl and sinapyl alcohol and different 265 concentrations of MDCA (0, 2.5 or 10 µM). Twelve DAG the seedlings were analyzed. 266
Interestingly, phenotypes linked to MDCA such as the reduction of the primary root length 267 and the proliferation of lateral roots could not be restored by adding monolignols (Fig. 4B-D) . of MDCA treatment (Fig. 5A ). While stimulation of adventitious rooting was only observed at 290 relatively high concentrations (>10 µM of SA, Fig. 5B ), SA had no effect on LRD (Fig. 5C ) 291 and its IC 50 -root (IC 50 -root of 51.00 µM; Fig. 5D ) was one order of magnitude higher than that 292 of MDCA (IC 50 -root of 5.07 µM; Fig 1B) . 293 Therefore, we concluded that it is unlikely that SA (or a corresponding conjugate) is 294 the bioactive compound causing the root developmental defects observed in MDCA-treated 295 plants and that SA has no major role in the MDCA-induced developmental defects. 296 297
MDCA triggers auxin biosynthesis 298
As the aberrant root phenotype caused by MDCA resembles typical auxin-induced 299 phenotypes (e.g. reduction of the primary root length and induction of lateral and adventitious 300 roots), the auxin-responsive reporter DR5rev:GFP was used to evaluate whether MDCA 301 alters the auxin response (Ulmasov et al., 1997) . Seven DAG Arabidopsis seedlings treated 302 for 4 days with 10 µM MDCA displayed a significant increase in fluorescence in the main root 303 tip compared to mock-treated plants (Fig. 6A) suggesting that free auxin levels are increased 304 in MDCA-treated plants. To detect dynamic changes in endogenous free auxin distribution at 305 high spatial and temporal resolution, the DII-VENUS auxin sensor line was used (Brunoud et 306 al., 2012) . A time-lapse analysis of DII-VENUS fluorescence was performed on the main root 307 tip of Arabidopsis seedlings 7 DAG. When 1 µM naphthalene-1-acetic acid (NAA; a synthetic 308 auxin) was added to the root, DII-VENUS fluorescence dropped to 25% of its initial intensity 309 after 42 minutes, which is in line with previously published data (Brunoud et al., 2012) . 310
Replacing NAA by 10 µM MDCA resulted in a drop of DII-VENUS fluorescence to 37% of its 311 initial intensity over the same time interval. Both auxin-sensitive sensors indicate that MDCA 312 depends on the auxin-signaling cascade for its activity (Fig. 6B-C) . 313
The canonical auxin-signaling cascade is activated when auxin interacts with the 314
whereupon AUX/IAA auxin signaling repressors are degraded and the expression of 316 downstream target genes (e.g. the DR5rev-driven GFP) is activated (Gray et al., 1999) . To 317 verify whether MDCA activates this auxin response pathway, we studied the effect of MDCA 318 on Arabidopsis mutants defective in auxin signaling including the solitary root-1 (slr) gain-of-319 function Aux/IAA mutant, the arf7 arf19 double loss-of-function mutant and tir1 afb2 afb3 320 triple loss-of-function mutant ( Fig. 7A ) (Fukaki et al., 2002; Dharmasiri et al., 2005; Okushima 321 et al., 2007) . MDCA failed to induce lateral root formation in all mutants tested, suggesting 322 that lateral root formation induced by MDCA is dependent on events close to the TIR1 or 323 TIR1-related receptor complex. This could indicate that MDCA act as an auxin analogue and 324 activates an auxin response by interacting directly with TIR1. Interestingly, MDCA has some 325 of the structural requirements for primary auxin activity as stipulated by Went (1949) 326 1 7 including a ring system with a double bond and a side chain with the carboxylic group 327 separated from the ring by at least one carbon atom (Went, 1949) . Regardless these 328 structural and physicochemical similarities between MDCA and indole-3-acetic acid (IAA), 329 the endogenous ligand of TIR1, both compounds show particular differences making it 330 1 8 unlikely for MDCA to act as an auxin (Supplemental Fig. S7A -C). For example, the un-331 substituted indole ring of IAA is hydrophobic whilst the un-substituted dioxole group of MDCA 332 is polar due to the presence of two oxygen atoms. In addition, adjacent to its carboxylic 333 group, IAA has a freely rotatable CH 2 group whilst the trans-alkene bond of MDCA is rigid give auxin-hypersensitive phenotypes (Leyser et al., 1996) , we tested MDCA also for anti-350 auxin activity but no activity was found (Fig. 7B ). These findings support the prediction that 351 MDCA is not able to replace auxin in the TIR1 binding pocket and, thus, cannot be 352 considered as an auxin analogue interacting with the TIR1-related auxin receptors. 353
As MDCA-induced developmental effects depend on the canonical auxin-signaling 354 cascade whereas MDCA itself is not an auxin analogue, we hypothesized that MDCA affects 355 free auxin concentrations in planta. To test this hypothesis, endogenous auxin levels were 356 quantified in Arabidopsis seedlings germinated on 0.5xMS media containing MDCA (5 or 10 357 µM) and harvested 12 DAG. Compared to mock-treated plants, the MDCA treatment resulted 358 in elevated free IAA levels as well as increased levels of the IAA-conjugates IAA-glutamate 359 (Glu) and IAA-aspartate (Asp) (Fig. 7C-D) . In addition, the concentrations of most of the 360 measured auxin precursors were also significantly higher in the MDCA-treated plants 361
(tryptamine, indole-3-acetamide, indole-3-acetonitrile, indole-3-acetaldoxime and indole-3-362 acetaldehyde), with anthranilate, L-tryptophan and indole-3-pyruvic acid as exceptions, 363
indicating that MDCA strongly boosts the auxin biosynthetic pathway (Supplemental Fig. S8 ). 364
We subsequently checked whether the aberrant lateral root phenotype induced by MDCA 365 could be reduced by artificially lowering free IAA levels in planta by the constitutive 366 overexpression of a bacterial IAA LYSINE SYNTHETASE (iaaL), coding for an enzyme that 367 inactivates free IAA by conjugating it to lysine (Romano et al., 1991) . In contrast to MDCA-368 treated WT plants, MDCA-treated p35S:iaaL plants showed less lateral roots (Fig. 7E) , 369
indicating that the increase in lateral roots induced by MDCA is mediated by free IAA. 
0
The observed activation of auxin biosynthesis could either be a consequence of 371 MDCA-mediated perturbation of the phenylpropanoid pathway, or be an off-target effect. To 372 uncouple these processes, we measured auxin concentrations in the c4h mutant ref3-2 373 (Schilmiller et al., 2009) . Blocking the phenylpropanoid pathway in such an early step could 374 result in the accumulation of upstream compounds, including tryptophan, the precursor of 375
IAA. This approach allowed us to study putative crosstalk between the auxin biosynthetic 376 and phenylpropanoid pathways independent of MDCA. C4H knockout was preferred over 377 4CL as target, because the phenolic profile of MDCA-treated seedlings was consistent with 378 inhibition of C4H rather than 4CL. In addition, we showed earlier processing of MDCA 379 towards PA in planta (Fig. S3) , suggesting the inhibition of C4H in MDCA-treated plants. 380
Auxin profiling performed on leaves of 2 months old ref3-2 mutants revealed shifts in free 381 auxin as well as auxin intermediates, conjugates and catabolites resulting in a profile similar 382 to the one observed in MDCA-treated plants (Supplemental Fig. S9 ). This indicates that 383 auxin biosynthesis is affected as a result of the perturbation of the phenylpropanoid pathway. 384
In conclusion, the above data suggest that MDCA affects plant growth and 385 development by increasing endogenous auxin (IAA) concentrations in Arabidopsis seedlings. 386 387
MDCA affects auxin transport 388
Although the increase in free IAA levels is in agreement with the observed response 389 of the DII-VENUS reporter, it is unlikely that the rapid drop in DII-VENUS fluorescence is due 390 to the activation of the auxin biosynthetic pathway. In addition, the phenylpropanoid pathway 391
is not activated in the main root tip where the degradation of the DII-VENUS signal was 392 followed over time (Bell-Lelong et al., 1997) . These observations question the suggested 393 crosstalk with the phenylpropanoid pathway and indicates that other processes might be 394 involved in the MDCA-induced alteration of free auxin levels in the main root tip, such as the 395 redistribution of available auxin over the root by perturbation of intercellular auxin transport. 396
In contrast to the activation of auxin biosynthesis, the inhibition of auxin transport is likely to 397 be a much faster response. To test whether MDCA affects auxin transport, we performed 398 effect on this profile; however, the mild accumulation likely reflects the partial inhibition of the 412 active cellular efflux of 2,4-D under these conditions as a similar profile was described for the 413 auxin efflux blocker NPA as well (Hosek et al., 2012) . In Arabidopsis cell cultures, 2,4-D 414 seems to be a good substrate for both influx and efflux auxin carriers (Seifertová et al., 2014 ) 415 and, accordingly, the positive effect of MDCA on the accumulation of 2,4-D is more 416 pronounced here than in BY-2 cells (Supplemental Fig. S10 ). Taken together, these results 417 indicate that MDCA affects the auxin efflux from cells, but not the influx into cells (Fig. 8A-B) . the tt4 mutant was grown under the same growth conditions as those used to study the 431 MDCA-dependent growth defects (Fig. 8C) . Under these conditions, the tt4 mutant showed a 432 mild but significant reduction in both primary root length and LRD, as compared to WT 433 Arabidopsis ( Fig. 8D-E) . This phenotype differs considerably from the MDCA-induced lateral 434 root proliferation, indicating that, although the drop in flavonoids could be responsible for an 435 indirect additive effect in MDCA-treated plants, it is not the preliminary cause of the altered 436 LRD phenotype in MDCA-treated seedlings. 437
Altogether, these data suggest that MDCA disturbs auxin homeostasis by two 438 independent mechanisms. The perturbation of auxin biosynthesis is a consequence of the 439 MDCA-mediated inhibition of the phenylpropanoid pathway, whereas the inhibition of auxin 440 transport is a direct effect of MDCA. 
MDCA is a naturally occurring compound, initially extracted from root tissues of 448
Asparagus officinalis L. (Hartung et al., 1990) and further characterized as an allelochemical 449 (Weir et al., 2004) . Later on, MDCA was identified as an efficient chemical inhibitor of 4CL, a 450 key enzyme of the general phenylpropanoid pathway leading towards a broad range of 451 secondary metabolites (Knobloch and Hahlbrock, 1977; Funk and Brodelius, 1990; Hartung 452 et al., 1990; Funk and Brodelius, 1994; Chakraborty et al., 2009) . Substantial inhibition of the 453 phenylpropanoid pathway can be lethal for the plant (Bonawitz and Chapple, 2013) , 454 potentially explaining the allelochemical properties of MDCA (Bertin et al., 2003) . Besides its 455 assumed role in suppressing growth of neighboring plants, it was also proposed to lead to 456 autotoxicity, manifested by the poor re-establishment of Asparagus plants in soil where it had 457 been grown before (Laufer and Garrison, 1977; Yang, 1982; Young and Chou, 1984; 458 Hartung et al., 1990) . 459
When tested on Arabidopsis seedlings, severe morphological alterations of the root 460 architecture were observed. In an attempt to link the developmental defects to the described 461 inhibitory activity on the phenylpropanoid pathway, phenolic profiling was performed on 462 MDCA-treated seedlings. Interestingly, the observed shift in the profile suggested an 463 inhibition of the phenylpropanoid pathway upstream of p-coumaric acid, but downstream of 464 CA, indicating that the perturbation occurs at the level of C4H. This conclusion contradicts 465 studies describing MDCA as a competitive inhibitor of 4CL (Knobloch and Hahlbrock, 1977; 466 Chakraborty et al., 2009 ; our data), with only mild inhibitory activity on C4H (Schalk et al., 467 1998) . However, the suggested inhibition of C4H can be explained by the in planta 468 processing of MDCA to PA, which is a well-known inhibitor of C4H (Schalk et al., 1998) . 469
Despite the difficulty to conclude whether MDCA or PA is at the basis of the observed 470 perturbation of the phenylpropanoid pathway, treating seedlings with MDCA clearly inhibits in 471 planta lignin deposition as proven by the Casparian strip assay. However, no evidence was 472 found supporting the notion that the reduction in lignin deposition was causative to the 473 observed aberrant root phenotype. 474
The remarkable accumulation of intermediates upstream of C4H induced by MDCA 475 suggested the cinnamic acid-derived SA as a potential candidate to explain the observed 476 developmental defects. In Medicago sativa, a correlation between SA concentration and the 477 level of lignin reduction was found (Gallego-Giraldo et al., 2011; Lee et al., 2011) , whereas 478 the growth defects of a lignin biosynthetic mutant in Arabidopsis was partially restored by 479 reducing the elevated SA levels in planta (Gallego-Giraldo et al., 2011 Rather than focusing on the perturbed phenylpropanoid pathway, we reasoned that 486 MDCA itself could have additional targets, not necessarily related to its inhibitory activity on 487 this pathway. Supporting evidence for an alternative target was found in an old study 488 describing the activity of MDCA in a bioassay for auxin-type growth regulators (Aberg, 1961) . 489
Based on the growth stimulation of oat and wheat roots this compound was catalogued as an 490 anti-auxin; however, the underlying molecular mechanism was never resolved (Aberg, 1961) . 491
Interestingly, the observed reduction in primary root length and the increased lateral root 492 proliferation observed on the MDCA-treated Arabidopsis seedlings hinted for a link to auxin 493 homeostasis (Overvoorde et al., 2010) . Also, the induction of cell division activity in the root 494 tip and the broadening of the QC region were indicative of an auxin imbalance, because 495 auxin tightly regulates the cellular organization of the root meristem (Petricka et al., 2012 ; 496
Takatsuka and Umeda, 2014). 497
The link with auxin was later underpinned by showing the inability of MDCA to 498 stimulate lateral root proliferation in the auxin signaling mutants slr, arf7 arf19 and tir1 afb2 499 afb3, demonstrating the necessity of functional auxin signaling for the root-related MDCA-500 induced phenotypes to occur. Subsequent receptor binding assays showed that MDCA itself 501
is not an auxin analogue, suggesting that it acts upstream of TIR1, most likely affecting auxin 502 levels. This was confirmed by measuring the levels of auxin and auxin-related compounds in 503 MDCA-treated plants. Besides an increase in free IAA, the concentrations of IAA conjugates 504 and degradation products, as well as intermediates of the auxin biosynthetic pathway, were 505 increased in MDCA-treated plants. We hypothesized that the MDCA-mediated increase in 506 auxin content could be a direct consequence of blocking the phenylpropanoid pathway at the 507 level of C4H or 4CL. The resulting accumulation of compounds upstream of these enzymatic 508 steps could affect the shikimate pathway, which provides phenylalanine to the 509 phenylpropanoid pathway. Importantly, besides phenylalanine, the shikimate pathway leads 510 to the precursors of the other two aromatic acids: tyrosine and tryptophan (Vogt, 2010) . This 511 makes it tempting to speculate that interfering with the phenylpropanoid pathway leads to an 512 increase in tryptophan, the precursor of IAA. The interaction between phenylpropanoid and 513 auxin biosynthesis was suggested before, when swellings at branch junctions were observed 514 in the ref3-2 mutant (Schilmiller et al., 2009) . Although no additional evidence was available, 515 increases in auxin concentration in the cauline leaves that subtend the swollen nodes were 516 considered the cause of the growth defects. Our auxin measurements performed on this 517 mutant are consistent with this hypothesis. In addition to the link with auxin biosynthesis, the initial trigger altering auxin levels 519 inside the plant could be the inhibition of polar auxin transport. The fast responses observed 520 in the cellular auxin transport assay (both in BY2 and Arabidopsis cells) as well as in the DII-521
VENUS experiment support such a direct response, independent of auxin biosynthesis. To 522 explain further the molecular mechanism, we investigated whether flavonoids could act as 523 mediators of the MDCA-related auxin efflux inhibition. Not only was the abundance of these 524 phenylpropanoid-derived compounds dramatically altered in MDCA-treated plants, some 525 have been described as endogenous auxin transport inhibitors (Peer and Murphy, 2007; Yin 526 et al., 2014) . Although the latter has been disputed (Li et al., 2010) , recent evidence 527
suggests that e.g. rhamnosylated flavonols (namely kaempferol 3-O-rhamnoside-7-O-528 rhamnoside) are active compounds inhibiting polar auxin transport and/or modifying auxin 529 homeostasis in Arabidopsis shoots (Yin et al., 2014 and Kuhn et al., 2016) . Nevertheless, the 530 instant effect of the auxin efflux inhibition in BY-2 cells upon the addition of MDCA is 531 supportive for a fast and most likely direct effect on auxin transport. In addition, the reduction 532 in flavonoid levels is difficult to link with the induction of root proliferation in MDCA-treated 533 plants as the flavonoid depleted tt4-mutant showed a reduction in LRD in our experimental 534 setup. As MDCA affects different molecular processes, we cannot exclude a potential effect 535 of flavonoid reduction that is masked by the MDCA-mediated induction of auxin biosynthesis. 536
Nevertheless, the flavonoid data presented in this study together with the controversy 537 concerning the role of flavonoids in the control of polar auxin transport, suggest that lateral 538 root formation caused by MDCA is largely independent from flavonoids. 539
An intriguing question is whether or not MDCA has a more general physiological role 540 in planta besides its potential activity as an allelochemical. The fact that this molecule has so 541 far only been found in Asparagus officinalis L. is not supportive for a universal role in plant 542 development. However, this can be merely due to the fact that it was never searched for in 543 other plant species. Plants produce an enormous number of metabolites of which only a 544 small fraction has been characterized in detail (Fernie et al., 2004) . In addition, most of the 545 current metabolic profiling projects deliberately avoid the many unidentified compounds and 546 focus only on the known ones, adding no information to the list of identified or characterized 547 plant metabolites (Fernie et al., 2004) . Even if the presence of MDCA itself cannot be 548 demonstrated in other plants, we cannot exclude that other plants make structural analogues 549 that act in a similar way as MDCA. From this perspective, the dioxole group of MDCA is of 550 particular interest. This functional group is found in other plant derived bioactive molecules 551 belonging to different chemical classes, including (iso)flavonoids (e.g. pisatin), lignans (e.g. 552 sesamin and kobusin) and alkaloids (e.g. sanguinarine, berberin, aristolochic acid and 553 narciclasine) (Bailey, 1970; Trifunovic et al., 2003; Ono et al., 2006; Evidente et al., 1983; 554 Gardiner et al., 2008; Na et al., 2011; Hu et al., 2012; Nakagawa et al., 2012 dioxole group as a structural analog without this functional group (i.e. palmatine) turned out 557 to be inactive (Nakagawa et al., 2012) . Unfortunately, information concerning the molecular 558 targets of the listed compounds is limited, making it nearly impossible to deduce a general in 559 planta target for the dioxole containing molecules. In animals, cytochrome P450 enzymes 560 were put forward as targets for dioxole containing compounds (Lafite et al., 2007) making it 561 tempting to extrapolate this to MDCA, especially as several P450 enzymes are key in both 562 the phenylpropanoid and auxin biosynthetic pathway. However, MDCA has been shown to 563 inhibit 4CL (Knobloch and Hahlbrock, 1977; Chakraborty et al., 2009) , which is not a P450 564 enzyme. Although the phenolic profile of MDCA-treated plants is supportive for an MDCA-565 mediated inhibition of the P450 enzyme C4H in the plant, this is most likely the indirect effect 566 of the metabolism of MDCA into PA, a known C4H-inhibitor (Schalk et al., 1998) . Further 567 exploring the similarities and differences caused by the methylenedioxy group containing 568 bioactive molecules could help in unraveling their molecular mechanism. In this perspective it 569 is interesting to mention narciclasine, a dioxole-containing alkaloid isolated from Narcissus 570 tazetta bulbs (Na et al., 2011; Hu et al., 2012) . Similar to MDCA, narciclasine is considered a 571 potential allelochemical affecting postembryonic plant development by inhibiting auxin 572 responses and modulating polar auxin transport in the target plant (Na et al., 2011; Hu et al., 573 2012) . 574
In conclusion, we found that MDCA not only perturbs the phenylpropanoid pathway 575 but also affects auxin homeostasis by triggering auxin biosynthesis and interfering with polar 576 auxin transport. The inhibition of the phenylpropanoid pathway combined with the modified 577 auxin homeostasis is most likely at the basis of its property as allelochemical. The activity of 578 MDCA represents an example of polypharmacology, a little explored mechanism in which 579 active pharmaceuticals exert their influence by multiple, instead of single sites of action 580 (Reddy and Zhang, 2013) . The relative importance of both processes in the phytotoxicity of 581 MDCA remains unknown, but the effectiveness of hormone perturbation agrees well with the 582 fact that phytohormonal 'superauxins' have been among the most successful herbicides used 583 in agriculture for decades (Grossmann, 2010) 
METHODS 588
Plants, chemicals and growth conditions 589
All experiments whereby the effect of MDCA on the plant phenotype was studied 590 where performed with Arabidopsis thaliana Columbia 0 (Col-0) unless otherwise stated. The 591 transgenic lines were in the same ecotype: p35S:iaaL, DII-VENUS, DR5rev:GFP, 592 pCYCB1:GUS, pWOX5:GFP, pKNOLLE:KNOLLE-GFP, pERF115:GUS tir1 afb2 afb3, slr, 593 arf7 arf19 (Romano et al., 1991; Lukowitz et al., 1996; Colon-Carmona et al., 1999; Fukaki et 594 al., 2002; Friml et al., 2003; Dharmasiri et al., 2005; Okushima et al., 2007; Brunoud et al., 595 2012; Heyman et al., 2013) . Seeds were vapor-phase sterilized and grown on 0.5xMS-596 medium. The medium was supplemented with one of following compounds: 3,4-597 methylenedioxy cinnamic acid (MDCA; Sigma Aldrich), naphthalene-1-acetic acid (NAA; 598 Sigma Aldrich) and salicylic acid (SA; Sigma Aldrich). After sowing, seeds were incubated at 599 4°C for at least 2 days whereupon they were placed in the growth chamber under a 16-hour-600 light/8-hour-dark photoperiod regime at 21°C (24°C for the pERF115:GUS line). Chemical 601 compounds were dissolved in DMSO and added to the autoclaved medium prior to pouring 602 the plates. For the Casparian strip method, propidium-iodide (PI; Sigma Aldrich) was used to 603 counterstain the cell wall. The adventitious rooting assay was performed by placing plates in 604 the dark for 7 days (after a short light pulse of 4 hours). Plates were then exposed to light for 605 7 days. The number of adventitious roots (above the root-shoot junction) was counted on 606 each seedling. The ref3-2 mutants used for auxin profiling were grown for 8 weeks on soil 607 under long day growth conditions. 608
609
Plant phenotyping 610
To quantify growth parameters and check for aberrant phenotypes, seeds were grown 611 on round (square) plates for leaf (primary root) growth analysis, respectively. 12 days after 612 germination (DAG) plates were scanned using the Scanmaker 9800XL and root length was 613 measured using the ImageJ software. For leaf area measurements, pictures were converted 614 to black and white figures, after which the leaf area was measured using the ImageJ 615 software. For each compound, the inhibitory concentration (IC 50 ) was calculated, by plotting a 616 dose-response curve in SigmaPlot. The dose-response curve giving the highest R 2 -value 617 was used. All experiments were performed with at least 25 seedlings/treatment and 618 concentration. The emerged lateral roots and adventitious roots were counted using a 619 binocular microscope. 620 621
Confocal microscopy and Casparian strip assays 622
Visualization and quantification of the appearance of Casparian strips was performed 623 as previously described . Arabidopsis thaliana Col-0 seeds were 624 www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 2016 American Society of Plant Biologists. All rights reserved. germinated on 0.5xMS-Medium agar plates after two days in darkness at 4°C. Seedlings 625 were grown vertically on 0.5xMS-Medium agar supplied with 2.5 or 10 µM MDCA. When 626 needed 100 µM of a monolignol mixture containing coniferyl and sinapyl alcohol (1/1) was 627 added. For visualization of the apoplastic barrier, seedlings were incubated in the dark for 2 628 min in a fresh solution of 10 µg/mL propidium iodide (PI) and rinsed in water twice. Confocal 629 laser scanning microscopy was performed on a Zeiss LSM5 Exciter confocal microscope 630 (Carl Zeiss, Zaventem, Belgium). An excitation window of 543 nm was used and detection 631 was done using LP560. For quantification, 'onset of elongation' was defined as the point 632
where an endodermal cell in a median optical section was more than twice its width. Acquity UPLC BEH C18 column (2.1 mm × 150 mm, 1.7 μm; Waters Corp.) using a water-666 acetonitrile gradient as described in Vanholme et al., 2013 . The eluent was directed to the 667 mass spectrometer equipped with an electrospray ionization source and lockspray interface 668 for accurate mass measurements. The MS source parameters were as follows: capillary 669 voltage, 2.5 kV; sampling cone, 37 V; extraction cone, 3.5 V; source temperature, 120°C; 670 desolvation temperature, 400°C; cone gas flow, 50 L h replicates of at least one treatment and ii) to have an average normalized peak intensity area 682 higher than 500 in either MDCA-or mock-treated seedlings. Next, t-tests were applied on the 683 1238 peaks that fulfilled these criteria. 860 peaks had a p-value <0.01. Of these, 247 peaks 684 were at least 10-fold increased in MDCA-treated seedlings and 136 were at least 10-fold 685 reduced. The top-10 UP list was selected from the 243 increased peaks as those with the 686 highest normalized peak area in MDCA-treated seedlings, whereas the top-10 DOWN were 687 selected from the 129 decreased peaks as those with the highest normalized peak area in 688 mock-treated seedlings. For the detection of SA all UPLC-MS parameters were the same as 689 above, except i) a mass range between m/z 100 and 4000 was used, ii) the dynamic range 690 enhancement mode was not activated and iii) the enhanced duty cycle mass was set at 691 137.02. In addition, peak integration was done with Targetlynx of Waters Corporation 692 (www.waters.com) using standard settings and the peak area of m/z 137.02 eluting at 10.4 693 min (corresponding to SA) was divided by the dry weight of the pellet remaining after 694 methanol extraction in mg. significant differences compared to the corresponding mock-treated control sample as 859 determined by Dunnett's test P-values: *P < 0.05, **P < 0.001, *** P <0.0001. 
